During kidney organogenesis, tubular epithelial cells proliferate until a functional tubule is formed as sensed by cilia bending in response to fluid flow. This flow-induced ciliary mechanosensation opens the calcium (Ca 2؉ ) channel polycystin-2 (PC2), resulting in a calcium flux-mediated cell cycle arrest. Loss or mutation of either PC2 or its regulatory protein polycystin-1 (PC1) results in autosomal dominant polycystic kidney disease (ADPKD), characterized by cyst formation and growth and often leading to renal failure and death. Here we show that triptolide, the active diterpene in the traditional Chinese medicine Lei Gong Teng, induces Ca 2؉ release by a PC2-dependent mechanism. Furthermore, in a murine model of ADPKD, triptolide arrests cellular proliferation and attenuates overall cyst formation by restoring Ca 2؉ signaling in these cells. We anticipate that small molecule induction of PC2-dependent calcium release is likely to be a valid therapeutic strategy for ADPKD.
A
utosomal dominant polycystic kidney disease (ADPKD) is the leading genetic cause of end-stage renal failure affecting between 1 in 500 and 1 in 1,000 live births (1) . Mutations in the gene product of PKD1, polycystin-1 (PC1), account for Ϸ85% of all cases of ADPKD, with the remaining 15% being attributed to the transient receptor potential (TRP) Ca 2ϩ channel polycystin-2 (PC2) (2, 3) , the PKD2 gene product (4) . ADPKD cyst cells are characterized by somatic loss of the normal allele of the respective disease gene, resulting in increased cellular proliferation and, ultimately, the formation and growth of fluid-filled cysts. ADPKD patients who develop kidney failure require life-long renal function replacement by dialysis or kidney transplantation. It has been proposed that maintenance of normal tubule structure in the nephron is under the control of the mechanosensory function of the primary cilia, where both PC1 and PC2 colocalize (5) (6) (7) . In response to luminal flow, the primary cilium bends and initiates a signaling cascade through the PC1/PC2 complex that activates signaling pathways required for maintaining nephron structure (5, 8) . PC2 is hypothesized to work in complex with PC1 to mediate increases in cytosolic Ca 2ϩ as part of its signal transduction (5) . It is also believed that the disruption of a functional PC1/PC2 complex, through mutation or deletion, abolishes normal cellular Ca 2ϩ signaling, thereby allowing for inappropriate proliferative signals (9) (10) (11) (12) . Recently, the immunosuppressant rapamycin and a vasopressin V2 receptor (VPV2R) antagonist have been shown to limit cyst progression in murine models of ADPKD by inhibition of PC1-mediated mTOR activation and decreasing intracellular cAMP levels, respectively (13) (14) (15) . However, there is currently no therapeutic strategy to restore calcium release in ADPKD cystic kidney cells, which would slow the progression of ADPKD.
Work in our laboratory has previously focused on the mechanism of action of the potent, biologically active diterpene, triptolide (1) (Fig. 1A) (16) . This natural product, isolated from the medicinal vine Tripterygium wilfordii Hook F (''Thunder God Vine'') and used in traditional Chinese medicine for centuries, has a myriad of therapeutic uses against cancer, inflammation, and autoimmune diseases (17) (18) (19) . Triptolide has been shown to induce apoptosis or cell growth arrest depending on its concentration and the cell type treated (16, (20) (21) (22) . It is also a potent inhibitor of NF-B-and NF-AT-mediated transcription, and therefore leads to the downregulation of many gene products necessary for the inflammatory response or cellular growth (23) (24) (25) . We have additionally shown that triptolide's mode of action can be differentiated by a calcium dependence because cell growth and cell death are sensitive to calcium concentrations, but transcriptional inhibition is not (16) . Although studies on triptolide-mediated downstream signaling events have elucidated important biological findings, basic cellular interactions and potential binding proteins have not been identified. Our results here present an as of yet undescribed mechanism of action for triptolide and an ability to stimulate Ca 2ϩ release, arrest cell growth, and reduce cyst progression in a model of ADPKD.
Results

PC2 Is a Putative Triptolide-Binding Protein.
We have previously reported binding properties of [ 3 H]triptolide, including its predominant (noncovalent) interaction with the membrane fraction of the cell, an interaction with a high-molecular-weight protein or complex, and a requirement for intact cells to mediate binding activity (16) . To continue with these studies, we sought to investigate triptolide's mechanism of action through the identification of [ 3 H]triptolide-binding protein(s). Following extensive chromatographic protein fractionation, SDS/PAGE separation, MALDI-MS analysis, and Western blot confirmation, a potential 110-kDa [ 3 H]triptolide-binding protein was identified as PC2 ( Fig. 1 B-D) . Although we also identified other potential triptolide-binding proteins associated with the membrane-bound fraction of the cell, we began our studies focusing on PC2. We have previously demonstrated a Ca 2ϩ dependence for triptolide-mediated apoptosis (high concentrations) and cytostatic activity (low concentrations), as well as a Ca 2ϩ -mediated inhibition of [ 3 H]triptolide-binding activity (16) . Given our previous results, we explored PC2 as a potential target for the biological activity of triptolide and tested its therapeutic efficacy in a model of ADPKD.
Murine Kidney Epithelial Pkd2 ؊/؊ Cells Are Less Sensitive to the Effects of Triptolide. To validate PC2 as a potential triptolidebinding protein and determine its importance in triptolide's biological activity, we first examined triptolide-induced cell death as a function of PC2 expression ( Fig. 2A) . To do this, we used murine kidney epithelial cell lines derived from Pkd2 ϩ/Ϫ or Pkd2 Ϫ/Ϫ mice. All cell lines were assessed for normal PC2 expression as determined by indirect immunofluorescence and Western blot analysis (Fig. 2B) . Following a 24-h incubation with 100 nM triptolide, PC2-expressing cells (Pkd2 ϩ/Ϫ ) underwent rapid cell death, whereas PC2-null cells (Pkd2 Ϫ/Ϫ ) remained Ͼ90% viable (Fig. 2 A) . This effect was transient, however, because Ͼ50% of Pkd2 Ϫ/Ϫ cells were dead by a later 48-h time point (data not shown). To further reinforce the role of PC2 in triptolide's mechanism of action, stable expression of PC2 was reconstituted in Pkd2 Ϫ/Ϫ cells (Pkd2 REX ) and assessed for triptolide-mediated cell death. Similar to the Pkd2
REX cells died following a 24-h incubation with triptolide ( Fig. 2 A) . Although these results implicate a role of PC2 in triptolide-mediated cell death, this effect was even more dramatic following 48 h with 25 nM triptolide (Fig. 2 A) . Although both the Pkd2 ϩ/Ϫ and Pkd2 REX cell lines underwent cell death during this time course, Pkd2 Ϫ/Ϫ cells not only survived, but continued to grow (Fig. 2 A) , but at a slower rate as compared with untreated cells (Fig. 2B) .
Triptolide has been previously shown to activate caspases (26, 27) , therefore we investigated whether there was evidence for mitochondrial-or receptor-mediated caspase activation dependent upon PC2 expression. We assessed direct caspase activity of caspases-8, -9, and -3 at both 100 nM and 25 nM triptolide. Although weak activation of caspase-8 and -9 was initially detected, this activity could ultimately be eliminated upon addition of a specific caspase-3 inhibitor during the assay (data not shown). Therefore, we focused only on caspase-3 activity preceding cell death in the absence or presence of PC2 expression. At 100 nM triptolide, caspase-3 activation in Pkd2 Ϫ/Ϫ cells was 50% less as compared with the Pkd2 REX cell line (Fig. 2C) , thereby supporting our cell death results ( Fig. 2 A) ; 25 nM triptolide incubation for 18 h resulted in minimal caspase-3 activation in Pkd2 Ϫ/Ϫ cell lysates, as well as in an intact cellular assay (Fig. 2C ). This supports our previous findings that a low concentration of triptolide (25 nM ) is ineffective at causing global cell death in Pkd2 Ϫ/Ϫ cells. However, it is important to recognize that a secondary mechanism may be responsible for slowing of cell growth.
Triptolide Arrests Growth and Increases p21 Expression in Pkd1 ؊/؊ Kidney Cells. Because the majority of cases of ADPKD occur as a result of a mutation or loss of PC1, we next examined what effect triptolide would have on a murine kidney PC1-null cell line (Pkd1 Ϫ/Ϫ ). Based upon our previous data in PC2-expressing cells (Fig. 2 A-C) , we expected that triptolide would also induce cell death in this line. Interestingly, although addition of 100 nM triptolide to Pkd1 Ϫ/Ϫ murine kidney epithelial cells caused minimal cell death, the majority of the cell population growth arrested and displayed a flattened morphology (Fig. 2D ). In contrast, in the absence of triptolide, this cell line doubled in population approximately every 36 h as determined by cell viability assays (Fig. 2D) . Additionally, PC2 expression was not altered in these cells because its staining pattern was consistent with ER localization (Fig. 2D ). To further examine whether calcium was required for triptolidemediated growth arrest (i.e., through a PC2-dependent mechanism), Pkd1 Ϫ/Ϫ cells were cultured in the absence or presence of Ca 2ϩ -containing media plus 100 nM triptolide. We first assessed normal growth rates and determined that cells grown in calciumdeficient media grew at approximately half the rate as compared with calcium-containing media (data not shown). After 72 h of continual culture with triptolide, cell growth was affected in both experimental conditions, although at different rates as compared with their respective controls (Fig. 2E ). Cells grown in the presence of calcium showed their characteristic cell flattening, and no growth was observed over 3 days. In the absence of calcium, cell number increased beyond the initial seeding density; however, the growth rate was 3-fold less as compared with the untreated control. Although triptolide had the most pronounced effect on Pkd1 Ϫ/Ϫ cells in the presence of calcium, it should also be noted that multiple mechanisms possibly exist for the biological effects of triptolide on cell growth and viability.
Tissues that have lost PC1 expression have previously been shown to down-regulate p21 CIP/WAF (9) . Therefore, we tested whether the proliferation inhibition we observed was associated with upregulation of p21 CIP/WAF upon triptolide treatment. Over a 96-h time course, p21 CIP/WAF levels increased in triptolide-treated Pkd1 Ϫ/Ϫ cells, thus resulting in growth arrest. However, p53 protein levels remained unchanged (Fig. 2F ). This is consistent with previous studies that implicate a p53-independent induction of p21 CIP/WAF , such as through the Jak/Stat pathway (9) or by the regulation of Id2 localization (10) in response to PC1 or PC2 activation. Interestingly, triptolide has previously been linked to conflicting reports in the literature of either decreased or upregulated p21 expression depending on cell type and p53 status (20, 28, 29) . It is therefore possible that p21 modulation resulting in cell death or cell growth arrest could also depend on PC1/ PC2 status as well as p53. Because these experiments provided evidence that triptolide-induced cell death or growth arrest could be modulated by PC2 expression, we next sought to determine whether triptolide could affect Ca 2ϩ release.
Triptolide Causes Calcium Release Through a PC2-Dependent Pathway.
To measure PC2-mediated Ca 2ϩ release in response to triptolide, we used murine kidney epithelial cell lines differing in PC1 and PC2 expression. Nonconfluent, and therefore nonciliated, Pkd1 ϩ/Ϫ cells were first examined to determine whether triptolide induces Ca 2ϩ release. In this context, PC2 expression would be limited to the ER, where it resides with other calcium channels such as the IP 3 R. Upon triptolide addition, we observed a clear rise in intracellular Ca 2ϩ levels, which was the first evidence that this small molecule was capable of eliciting Ca 2ϩ release in cells (Fig. 3A) . Importantly, no Ca 2ϩ release was detected upon exposure of these nonciliated cells to buffer flow alone (data not shown). Although activation of one channel can propagate and activate other calcium channels, we wanted to determine specifically whether PC2 and/or PC1 was involved in a calcium-signaling pathway stimulated by triptolide addition. Therefore, we tested the cell lines lacking either PC1 (Pkd1 Ϫ/Ϫ ) or PC2 (Pkd2 Ϫ/Ϫ ) (30) expression for this triptolidemediated calcium response. Pkd1 Ϫ/Ϫ cells responded to triptolide addition with a similar calcium release profile as that of Pkd1 ϩ/Ϫ cells (Fig. 3B) . Interestingly, given the hypothesized regulatory role of PC1 on PC2 function, this biological activity of triptolide was not dependent upon PC1 expression. Because our biochemical purification analysis identified PC2 as a putative triptolide-binding protein, we next assessed whether the observed Ca 2ϩ release was dependent upon PC2 expression. When 100 nM triptolide was added to the perfusion solution while examining the response in Pkd2 Ϫ/Ϫ murine kidney epithelial cells, no Ca 2ϩ release was detected (Fig. 3C) . To strengthen the evidence that PC2 was required for Ca 2ϩ release elicited by triptolide addition, Pkd2 REX cells were next assessed for sensitivity to triptolide. As shown in Fig. 3D , PC2 reexpression restored triptolide-induced Ca 2ϩ release, providing the first mechanistic evidence for triptolide-mediated Ca 2ϩ regulation (Fig. 3D) . To characterize further the observed calcium response initiated by triptolide, we examined the importance of extracellular calcium in addition to the predominant and well characterized IP 3 R and RyR calcium channels. Results from initial experiments concluded that our murine kidney epithelial cells did not express the RyR because 25 mM of caffeine, a RyR agonist, did not elicit a calcium response. Additionally, Pkd1 Ϫ/Ϫ cells exposed to 50 M of dantrolene, a RyR antagonist, failed to suppress triptolidemediated calcium release (data not shown). In contrast, inactivation of the IP 3 R with the inhibitor 2APB eliminated any detectable release of calcium upon addition of triptolide (Fig. 3E) . Because 2APB has also been reported to block store-operated channels (SOCs) (31), we cannot rule out their possible involvement. Although it is clear that the triptolide-mediated calcium signaling is lost in the absence of PC2, it is also probable that a functional IP 3 R is required for the propagation and detection of calcium release in this system. Further evidence implicating an intact interaction of calcium channel-mediated events was shown when triptolideinduced calcium release was inhibited or significantly attenuated in both Pkd1 Ϫ/Ϫ and Pkd2 REX cells in Ca 2ϩ -free Hank's balanced salt solution (HBSS) (Fig. 3E) . Taken together, these data support a model in which triptolide acts in a pathway requiring PC2, but additionally involves the IP 3 R and possibly SOCs to fully propagate the calcium signal. Ϫ/Ϫ cells, we next sought to determine whether we could alter the course of cyst formation in the Pkd1 Ϫ/Ϫ mouse model of ADPKD. Pkd1 Ϫ/Ϫ animals display midgestational embryonic lethal phenotype due to severe developmental abnormalities (32) (33) (34) . Kidney and pancreatic cyst formation is evident from E14.5 and E13.5, respectively (33, 35) . Triptolide has been previously studied in rodent models of tumor regression (36, 37) , but it had not been tested in a system by using pregnant females. To establish first a potential therapeutic and sublethal dosage, pregnant C57BL/6 mice were treated with incre- mental doses of triptolide from 0.01-0.15 mg/kg/day i.p. injections. Toxicity was determined by resorption of all embryos or the preponderance of stillborns. Using this criteria, triptolide toxicity was most prominent at doses of Ն0.1 mg/kg/day. However, no discernable adverse effects were observed at 0.07 mg/kg/day, which we thus concluded to be the maximum tolerated dose. Another experimental parameter involved the timing of the start of triptolide injections because PC2 has been shown to be important for left-right axis formation in the developing embryo at approximately E7.75 (38, 39) . We therefore chose E10.5 as the start of triptolide injections to allow for normal PC2-mediated development while leaving sufficient time to influence cyst formation during kidney organogenesis.
Following successful Pkd1
ϩ/Ϫ ϫ Pkd1 ϩ/Ϫ intercrosses, 0.07 mg/ kg/day of triptolide or DMSO control was injected into pregnant mice from E10.5 until birth. All pups were assessed for multiple parameters, such as genotypic distribution, developmental stage at time of birth, and average kidney weights [supporting information (SI) Ϫ/Ϫ numbers, with 20 and 18% for DMSO or triptolide treated, respectively (SI Table 1 ). Wet weight kidney analysis from Pkd1 ϩ/ϩ or Pkd1 ϩ/Ϫ mice demonstrated no significant difference in weight or overall size for DMSO or triptolide treated (SI Table 1 ). Pkd1 Ϫ/Ϫ kidneys were larger by weight, although there was no statistically significant difference between DMSO or triptolide treated (17.5 Ϯ 2.0 vs. 21.8 Ϯ 2.8), indicating that the accumulation of fluid in the kidneys was not reduced. Additionally, independent of genotype, triptolide did not have any apparent overall deleterious effect on murine development or length of pregnancy.
Assessment of cyst formation was completed by sagittal crosssectioning of kidneys, H&E staining, and the calculation of the area of cyst formation as a percentage of total kidney area. Because triptolide is capable of inducing apoptosis or growth arrest, we were concerned that normal kidney development may be adversely affected. This was not the case because Pkd1 ϩ/ϩ and Pkd1 ϩ/Ϫ kidneys in both treatment groups showed normal morphology where background ''cyst values'' were calculated to account for random physiological abnormalities or artefacts of tissue handling and preparation (Fig. 4 G-J) .
To determine triptolide's effect on Pkd1 Ϫ/Ϫ mice, we next examined kidneys from these animals. Pkd1 Ϫ/Ϫ kidneys from animals injected with vehicle alone (DMSO) had a mean cystic burden of 34 Ϯ 2.7%, whereas several had cystic areas between 55-65% of the whole kidney (Fig. 4 A-C and N-O) . However, triptolide treatment of Pkd1 Ϫ/Ϫ pups resulted in a statistically significant decrease of the cystic burden to an average of 15 Ϯ 2.1% (Fig. 4 D-F and N) . Kidney size varied among litters, from a range of small kidneys with almost no evidence of any cyst formation to a maximum cyst burden of 28% (Fig. 4O) . We believe this variability may be due to the proximity of triptolide delivery to the developing fetus during injections. Although the epithelial cells lining the cysts appeared normal by microscopy and the diameter of cyst lumens on average was smaller, we wanted to determine whether the lack of cyst growth due to triptolide treatment was due to the induction of apoptosis or a delay in cell growth. Tissue sections were stained for immunoreactivity toward active caspase-3, a marker of cellular commitment to apoptosis. Both control (Fig. 4L ) and triptolidetreated (Fig. 4M ) samples did not show any significant activation of the caspase pathway as determined by comparison to secondary antibody control (Fig. 4K) .
Discussion
Triptolide has been investigated for many of its potential therapeutic uses, including reduction of solid tumor masses, and is currently in clinical trials based on its potent antitumor effects in a prostate cancer model (20) . In this respect, triptolide has been shown repeatedly to induce efficient apoptosis or cell growth arrest depending upon its effective concentration (16) . Until now, potential targets of triptolide have not been identified that explain its broad and potent biological effects. Although triptolide does not bind to its target protein(s) covalently (16), we have been able to follow specific [ 3 H]triptolide-binding activity through chromatographic purification to identify PC2 as a putative target protein. Our work here not only demonstrates a correlation between PC2 cellular expression and sensitivity to triptolide-induced growth arrest/cell death, but also reveals for the first time that triptolide causes calcium release through a PC2-dependent pathway. The discovery that PC2 is required for triptolide-mediated Ca 2ϩ release allows us to propose PC2 as an early candidate effector. This conclusion is also supported by our previous findings that triptolide binding and cell death/growth arrest can be modulated by Ca 2ϩ concentration (16) . Because PC1 has been shown to interact with and regulate PC2 (5, 9, (40) (41) (42) , our finding that triptolide is able to elicit calcium release in the absence of PC1 expression was of particular interest. However, we cannot rule out the possibility that PC1 may further propagate or sustain triptolide-induced calcium release through PC2. This could potentially explain the observation that, in the absence of PC1 (Pkd1 Ϫ/Ϫ cells), triptolide causes growth arrest and p21 up-regulation, but not cell death (Fig. 2) . Another interesting finding was the profile of Pkd2 REX calcium release; during the short course of our imaging experiment, triptolideinduced calcium levels did not return to baseline in these cells (Fig.  3D) . It would be of future interest to determine whether this sustained calcium release is responsible for the extreme sensitivity of this cell line to triptolide. Although PC2-null cells failed to release calcium upon triptolide addition, thereby implicating PC2 alone as the mediator for this response, our results also showed that calcium release in PC1-null cells was blocked by inhibition of the IP 3 R (Fig. 3E) . This finding can possibly be explained by the limit of detection of calcium imaging because the IP 3 R is the major calcium channel in the ER and may simply be activated by PC2-stimulated calcium release to propagate fully a signal.
ADPKD cyst formation is similar to benign epithelial neoplasia because both are characterized by abnormal cellular proliferation independent of extracellular cues. Based upon our in vitro data showing triptolide-mediated Pkd1 Ϫ/Ϫ growth arrest and calcium release, we hypothesized that triptolide could restore calcium signaling and reduce cell proliferation in a Pkd1 Ϫ/Ϫ murine model of ADPKD. Indeed we found that triptolide caused a reduction in cyst formation, but did not cause cell death, as assessed by caspase-3 activation (Fig. 4) . We did not observe a decrease in fluid secretion, and therefore overall kidney weight, possibly because in the absence of PC1 the chloride channel CFTR remains disregulated (43) . Because we were limited in the maximum tolerated dose of triptolide we could administer during gestation, we are hopeful that future studies with higher triptolide concentrations in various adult animal models will prove to be of greater therapeutic benefit.
We have previously found that triptolide's mode of action (i.e., cell growth, cell death, and transcriptional inhibition) can be differentiated by a dependence on calcium (16) . Future questions to be answered include the role of PC2 in other cell lines affected by triptolide, such as cancer lines and WBCs. Additionally, it is necessary to understand whether triptolide-induced transcriptional repression is linked to the greater PC2 complex or whether it is through a separate mechanism of action. It would also be of interest to determine whether this PC2-mediated calcium release explains the male antifertility effect of triptolide because PC2 and PC1 have been linked to fertility or male mating behavior in Drosophilia (44) or C. elegans (45, 46) . Although we have shown that triptolide induces calcium release in a PC2-dependent pathway, it is also possible that triptolide could cause cell growth arrest through an unrelated or separate mechanism as well. We have previously shown calciumdependent and -independent effects on triptolide's biological functions, and we acknowledge that, although PC2-null cells are less sensitive to triptolide, they still respond. Agents that act as cell growth inhibitors could and do reduce kidney cyst progression in various disease models as previously demonstrated by the mTOR inhibitor rapamycin (14, 15) , a VPV2R antagonist that reduces cAMP levels (13) , and by the Cdk inhibitor roscovitine (47) . Although triptolide may have multiple modes of action for growth arrest or cell death, this is the first demonstration that a small molecule can specifically cause calcium release through a PC2-dependent pathway. In this regard, triptolide offers a therapeutic strategy of calcium-signaling restoration in the disease state.
In summary, we have identified PC2 as a candidate target for the therapeutic action of the traditional Chinese medicine-derived natural product triptolide, and we propose a pathway to explain triptolide-mediated Ca 2ϩ release. Our observation that triptolide arrests Pkd1 Ϫ/Ϫ epithelial cell growth and attenuates in vivo cyst progression suggests that stimulation of PC2-mediated Ca 2ϩ release could serve as a successful clinical ADPKD strategy. Because the natural source of triptolide, the medicinal vine, Tripterygium wilfordii Hook F, has a long history in Chinese traditional medicine, it is hoped that triptolide will be a well tolerated, promising therapeutic candidate for the treatment of ADPKD.
Materials and Methods Cells and Reagents. The Pkd2
Ϫ/Ϫ (2D2) murine cell lines were derived as previously reported (30) . The Pkd2 REX cell line was made by stable integration of untagged Pkd2 under hygromycin selection (30) . Antibodies included PC2 (48) Institutional Animal Care and Use Committee (IACUC) regulations. Pkd1 ϩ/Ϫ ϫ Pkd1 ϩ/Ϫ mice were mated and divided into control (DMSO) or experimental (triptolide) groups. A total volume of 100 l of PBS with Յ5% DMSO or DMSO/0.07 mg/kg/day triptolide was injected i.p. with a 28G 1/2 insulin syringe. Mice were weighed and injected starting at E10.5 until birth. All pups were examined for length and developmental staging, such as whisker and nail formation. Kidneys were harvested and weighed before fixation. Further details are available in SI Materials and Methods.
